The Pahnavar calcic Fe-bearing skarn zone is located in the Eastern Azarbaijan (NW Iran). This skarn zone occurs along the contact between Upper Cretaceous impure carbonates and an Oligocene granodioritic batholith. The skarnification process can be categorized into two discrete stages: prograde and retrograde. The prograde stage began immediately after the initial emplacement of the granodioritic magma into the enclosing impure carbonate rocks. The effect of heat flow from the batholith caused the enclosing rocks to become isochemically marmorized in the pure limestone layers and bimetasomatized (skarnoids) in the impure clay-rich carbonates. Segregation and evolution of an aqueous phase from the magma that infiltrated to the marbles and skarnoids through fractures and micro-fractures took place during the emplacement of magma. The influx of Fe, Si and Mg from the granodiorite to the skarnoids and marbles led to the crystallization of anhydrous calc-silicates (garnet and pyroxene). The retrograde stage can be divided, in turn, into two distinct sub-stages. During earliest sub-stage, the previously formed skarn assemblages were affected by intense hydro-fracturing; in addition, Cu, Pb, Zn, along with H 2 S and CO 2 were added. Consequently, hydrous calc-silicates (epidote and tremolite-actinolite), sulfides (pyrite, chalcopyrite, galena and sphalerite), oxides (magnetite and hematite) and carbonates (calcite) deposited the anhydrous calc-silicates. The late-retrograde sub-stage was due the incursion of colder oxidizing fluids into the skarn system, causing the alteration of the previously formed calc-silicate assemblages and the development of fine-grained aggregates of chlorite, illite, kaolinite, hematite and calcite. The lack of wollastonite in the mineral assemblage, along with the garnet-clinopyroxene paragenesis, suggests that the prograde stage formed under temperature and O 2 conditions of 430-550 • C and 10 −26 -10 −23 , respectively.
Introduction
The largest skarn deposits are the iron skarns [1] . Many deposits are very large (>500 million tons, >300 million * E-mail: mokhtari1031@gmail.com tons containing Fe) and consist dominantly of magnetite with only minor silicate gangue [1] . Fe skarns are mined for magnetite, although Cu, Co, Ni and Au may be present in significant amounts. Some deposits contain significant amounts of Cu and represent a transition type to classic Cu skarns [2] . Calcic Fe skarns are particularly common in orogenic zones related to subduction, especially in oceanic island arcs [1, [3] [4] [5] . Most Fe skarns are associated with Fe rich plutons that intruded limestone and volcanic wall rocks, and form along the contact [1] . Fe skarn minerals consist dominantly of calcic garnet and pyroxene with subordinated epidote, ilvaite and actinolite; all are iron rich. Cu skarns, on the other hand, are the world's most abundant skarn type and are particularly common in orogenic zones related to subduction, both in oceanic and continental settings [3] [4] [5] . Most Cu skarns are associated to I-type, calc-alkaline, porphyritic plutons [1] . The Pahnavar Fe skarn is located in the west contact of the Qolan Batholith, east of the Hajilar-Chay River, in Eastern Azarbaijan province (approximately 60 km north of Tabriz and 20 km NE of Kharvana), NW of Iran, near the Armenian border (Fig. 1) . The remains of ancient mining tunnels can be seen in this area. The Pahnavar skarn aureole is about 3 km in length and 50-300 m in width (Fig. 2 ). There is a wide alteration zone between the Qolan Batholith and the skarn aureole ( Fig. 2 ) and the contact does not outcrop. Most of the earliest geological works concerning the skarn mineralization in the area are available in the form of unpublished reports and M.S. thesis in Persian language e.g. [6, 7] . [8] carried out investigations on the Qaradagh Batholith and on the skarns mineralization around it. The present contribution focuses principally on detailed aspects, such as skarn mineralogy, texture and zonation and finally deals with some physico-chemical conditions of the metasomatizing fluids based on the stability of the skarn mineral assemblages.
Background Geology

Regional Geological Setting
The study area is a part of Zangezour ore district within Lesser Caucasus. The present-day Lesser Caucasus forms part of the Tethyan belt, which combines an evolution ranging from Jurassic-Cretaceous compressive tectonomagmatic events in subduction, Andean-style environments to Neogene, post-collisional, extensional tectonomagmatic events. Long lasting northwards subduction of the Neotethys [9] below the Eurasian margin caused the evolution of the Jurassic-Cretaceous island arc of the Lesser Caucasus.
The Tertiary evolution of the Lesser Caucasus is dominated by collisional and post-collisional tectonics and magmatism. The most important mineral district is the Tertiary Zangezour-Ordubad block (Meghri or Qaradagh composite pluton) in the southern Caucasus, which consists of Eocene to Miocene calc-alkaline to alkaline mafic to felsic magmatic suites, and which hosts major Mo-Cuporphyries (including the world-class Kadjaran deposit) and subsidiary precious and base metal prospects. Highprecision U-Pb zircon TIMS ages [10] indicate an early Eocene event (40-45 Ma) followed by events during the Oligocene (30) (31) (32) and the Miocene (20-23 Ma).
The Zangezour ore district is characterized by abundant Upper Eocene to Lower Miocene magmatism, which generated the composite Qaradagh batholith (covering an area of more than 1300 km 2 , the largest Batholith in Transcaucasia) [11] .
Geology of Pahnavar Area
The Pahnavar skarn is closely related to the Qolan Batholith, which is part of Qaradagh Batholith. The latter is an area more than 1300 km 2 , outcropping in the NW of Iran and extending to Azerbaijan and Armenia. The Iranian portion has an area of approximately 500 km 2 , and is the largest intrusion in the NW of Iran.
The Qolan Batholith consists of several distinct intrusive bodies including gabbro, diorite, quartz diorite, quartz monzonite, quartz monzodiorite, tonalite, granodiorite, monzogranite and subvolcanic rhyolite. The granodiorite is the most abundant rock type [8] and the nearest to the Pahnavar skarn (Fig. 3) . Granitoids with Oligocene age are medium to high-K calc-alkaline, metaluminous and I-type [8] .
The Qolan Batholith intruded Upper Cretaceous impure carbonate rocks and a series of volcanic rocks of andesitic to basaltic composition with the same age [6, 8] (Fig. 3) . These volcanic rocks have large volumes and show hydrothermal alteration (sillicification, sericitization, argillization and sulfidization). A petrographic study of samples from the alteration zone revealed porphyry textures [8] , confirming that these rocks originally belonged to the Upper Cretaceous volcanic unit. Therefore, the Pahnavar skarn only consists of an exoskarn, with endoskarn zones not outcropping in the study area. [7] discussed the contact between the batholith and skarn zone, and the formation of the endoskarn zone in this area, but did not explain the alteration zone. However, during the latest phases of the Qolan Batholith, a small monzogranite body intruded the contact between the Pahnavar skarn and the alteration zone ( Fig. 3 and Fig. 4 ). This intrusion led to the formation of a narrow reaction rim around the monzogranite in the contact with ancient skarns (Fig. 5) , and some skarn minerals such as garnet and pyroxene formed. The metasomatic alteration and mineralization (skarn) is best developed in the fractured carbonate rocks.
Material and Methods
Field work included geological mapping, delineating the skarn and marble contact, and detailed sampling of the skarn zones. Some representative samples (24 samples) were thin-sectioned and polished, and examined microscopically. The XRD technique was employed on 3 samples when microscopic identification of minerals was uncertain. These analyses were carried out using a D4 model (Bruker, Germany) at the Geological Survey of Iran laboratories. Electron-probe micro-analysis (EPMA) was used for determining the composition of anhydrous silicates, such as pyroxenes and garnets. These analyses were carried out on two samples (28 points) that were taken from the garnet zone and pyroxene-bearing garnet zone, at the Czech Geological Survey by using a Cameca SX100 electron microprobe. Major elements were determined via energy dispersive methods by employing an accelerating voltage of l5 kV, a beam current of 100-120 µA, a beam diameter of 2-4 µm and a counting interval of 120 second (Tables 1 & 2) . Microprobe analysis always yields total iron oxide contents (FeO ). Therefore, FeO was calculated from the cation ratios {FeO = (FeO ·Fe 2+ )/Fe 3+ }. The skarn terminology applied in this article is adopted mainly from the comprehensive review papers of [1, 3-5, 12, 13] .
Petrography and Mineral Chemistry
Granodiorite
The Qolan Batholith mainly consists of granodiorites. These rocks are the nearest intrusion to the Pahnavar skarn (Fig. 2) . Under the microscope, these rocks display granular texture and predominantly consist of plagioclase (oligoclase-andesine), quartz, K-feldspar (orthoclase), hornblende and biotite. In general, these rocks are fresh and without alteration. Between the granodiorite and the skarn aureole, there is a wide (about 150-200 meters) alteration zone (Fig. 2) . Petrographical studies within this zone revealed typical porphyritic texture. On this basis, these rocks can be ascribed to the Upper Cretaceous volcanic unit; however they underwent hydrothermal alteration (silisification, sericitization, argillation and sulfidization).
Marble and Skarnoid Zone
The carbonate rocks, which are the protolith for the skarn, extend in a N-S direction along the west contact of Qolan Batholith (Fig. 2) . Primary sedimentary carbonate rocks are absent in the Pahnavar area, as they gave place to marbles and calc-silicate rocks (skarnoids). In the vicinity of the Pahnavar skarn, south of the Qolan batholith, there is an outcrop of primary carbonate rocks that include thin to thick bedded grey impure limestone [6] . These rocks range from biomicrite, through argillaceous carbonate, to marls, according to the modal variation in non-carbonate minerals in the different horizons. Based upon the recognition of many species of foraminifera (primarily Globotrancana and Hedbergella), [6] concluded that these rocks were deposited in a deep-sea environment during the Late Cretaceous.
Marble and skarnoid zones occur as lenses within the skarn zone (Fig. 4) . These rocks originated from pure limestones and have been thermally metamorphosed and locally bimetasomatized. Mesoscopically, marbles are gray to greenish gray, fine grained, and roughly bedded, with cherty interlayers. Under the microscope, these rocks display granoblastic texture, consisting predominantly of calcite. Almost no anhydrous calc-silicates occur in the marble zone, but minor amounts of epidote and chlorite are present in green bands as relics of primary stratification. In some places, fine-grained anhydrous calc-silicates (garnet and pyroxene) have developed within the impure limestones. In general, the rocks in this zone contain principally finegrained granoblastic calcite (70-98%), garnet (0-10%), pyroxene (0-10%), epidote (0-5%), chlorite (0-2%) and illite and kaolinite (0-3%).
Mineralized Exoskarn Zone
The exoskarn is the main skarn zone in Pahnavar area, and contains ore-grade iron oxide (mainly magnetite with minor hematite) mineralization. The thickness of the exoskarn zone varies along the intrusive contact but locally reaches up to 300 m. Garnet is the dominant anhydrous calc-silicate, being ubiquitously present within the skarn. Pyroxene is not present across the entire skarn zone, showing large modal variations. Pyroxene-rich zones are too small to be delineated on a deposit-scale map and are sparse within the garnet zones. Epidote, tremoliteactinolite and calcite occur in subordinate amounts along fractures. Various anhydrous and hydrous calc-silicates (garnets, clinopyroxenes, amphiboles, and epidotes), silicates (chlorites, quartz, feldspar, illite and kaolinite), sulfides (pyrite, chalcopyrite, sphalerite, and galena), oxides (magnetite, hematite) and carbonates (calcite, ankerite) were developed during the sequential stages of skarnification (Fig. 6 ).
Garnets occur ubiquitously in the skarn zone as fine to coarse-grained (up to 1 cm) subhedral to euhedral crystals. Garnet abundance in most parts of the Pahnavar skarn is very high (more than 90%), with some crystals displaying concentric zoning (Fig. 7a) . Most of the garnet crystals are optically isotrope, with some isotropic crystals in the vicinity of calcite showing anisotropic rims (Fig. 7b) . Some garnet crystals are partially altered to epidote, calcite, quartz, sulfides, hematite, chlorite, illite and kaolinite along microfractures and from the center of crystals. In the SEM-BSE images, garnets are primarily grey in color with composition Ad 57 5−75 6 -Gr 24 4−42 5 (Fig. 8, Fig. 9 ). Some points within the garnets have lighter colors in SEM-BSE images. The compositions of these points are Ad 80 2−85 3 -Gr 14 7−19 8 (Fig. 8, Fig. 9 ). The composition of anisotropic rims in garnet crystals is Ad 21 Clinopyroxenes occur as fine-to medium-grained (up to 3 mm) anhedral to subhedral crystals (Fig. 7c) . The modal abundance of clinopyroxenes is lower than that of garnets and only in some locations they show equal ratios. Clinopyroxenes are partially altered to amphibole (tremolite-actinolite) and to an assemblage of quartz, calcite, chlorite, illite, kaolinite and opaques (sulfides and oxides). EPMA data from samples indicates that the clinopyroxenes are mainly diopside, and belong compositionally to the hedebergite-diopside series (Hd 6 2−33 35 -Di 66 7−93 8 ) with negligible amounts of the johannsenite component (Fig. 9) . The rims of the clinopyroxenes are richer in the hedenbergitic component (Hd 22 Epidote occurs as fine to coarse (up to 3 mm) anhedral to subhedral crystal aggregates showing granoblastic to decussate textures (Fig. 7d) . Around the fractured zones, garnet crystals are replaced by epidote. Calcite occurs as very fine to coarse (up to 5 mm) anhedral to subhedral crystals within the skarn zones. Medium-to coarse-grained crystals are also present in veinlets cutting the calc-silicate aggregates. Calcites associated with quartz and opaques replace garnet crystals. Amphibole (tremolite-actinolite) occurs in subordinate amounts as fine to medium grained fibrous aggregates associated to clinopyroxenes. Presence of the tremolite-actinolite within clinopyroxenes crystals suggests that they are the product of the retrograde alteration of clinopyroxenes.
Quartz and feldspar occur as fine-to medium-grained patchy aggregates, scattered and solitary crystals, and as micro-veinlets within the calc-silicates.
Chlorite is present as fine flakes disseminated within the anhydrous and hydrous calc-silicates, and appears to be a late-alteration product. The high Fe-content of garnet and clinopyroxene show compositions close to the Fe-end member. Illite and kaolinites are commonly accompanied by aggregates of very fine-grained calcite and hematite and appear to be late alteration products.
Magnetite occurs ubiquitously in the skarn as massive ag- gregates and as veinlets cutting garnet aggregates. The largest magnetite ore body is of approximately 50 m length and 30 m width (Fig. 10) . Inclusions of garnet within magnetite grains are common.
Hematite occurs as bladed lamellae within magnetite crystals (Fig. 11a) and as fine-grained aggregates filling microfractures in anhydrous calc-silicates and calcite. In some places, aggregates of fine-grained hematite are present as fibrolitic and spherolitic textures.
Pyrite has approximately 5% abundance and is mainly disseminated within calc-silicates as fine to medium-grained euhedral to anhedral grains. In some samples, there are inclusions of chalcopyrite within pyrite. Occasionally, microveinlets of pyrite cut other minerals such as sphalerite (Fig. 11b) . Some of pyrite grains are partly replaced by goethite.
Chalcopyrite occurs in trace amount as inclusions and as solitary crystals interstitially disseminated crystals among the epidote and garnet assemblages. It is also present as fine-grained inclusions within pyrite. In some places, chalcopyrite is marginally replaced by supergene covellite and goethite.
Sphalerite occurs as euhedral to subhedral crystals. In some samples, it has an abundance of approximately 2% and occurs within the calcsilicates (Fig. 11b) . In some places, veinlets of pyrite cut the sphalerite (Fig. 11b) .
Galena occurs in trace amounts and is observed as coarsegrained euhedral to subhedral crystals, commonly accompanied by sphalerite. In some samples, it is observed as fine-grained inclusions within pyrite.
Discussion
Skarnification Processes
Reactions and mineral assemblages formed in skarns normally depend upon (a) the character of invaded rocks, (b) the composition of the metasomatizing fluids, and (c) the pressure and temperature regime [14, 15] . Based upon field evidence, along with mineralogic and petrographic data from the impure carbonate rocks (as protolith) and the skarn zone, the metamorphic-bimetasomatic-metasomatic alteration zones in Pahnavar can be classified as plutonrelated calcic skarns. By taking mineralogical and textural criteria into consideration, the process of skarnification can be categorized into two discrete stages: 1-prograde, and 2-retrograde [1, 12] .
Prograde stage
Temporally and spatially this stage is divided into two distinct sub-stages: 1-metamorphic-bimetasomatic, and 2-prograde metasomatism.
Metamorphic-bimetasomatic sub-stage
This sub-stage was coeval with the initial emplacement of the granodioritic magma into impure carbonate rocks. The effect of heat flow from the pluton caused the enclosing limestones to become (a) isochemically marmorized (metamorphosed), the pure carbonate rocks and (b) bimetasomatized (skarnoid-hornfels), the impure, clay-rich carbonates. The metamorphic processes caused the micritic limestone to become recrystallized, developing equilibrium granoblastic textures. In the clay-rich horizons however, a series of fine-grained, Fe-poor calc-silicates (grossularitic garnet, diopsidic pyroxene) developed. In this sub-stage, garnets were mainly grossularitic in composition [16, 17] . No (or negligible amounts of) opaque minerals (oxides and/or sulfides) were formed.
Prograde metasomatic sub-stage
The crystallization of magma, especially during the later stages of emplacement and cooling, was accompanied by the development of a volatile-rich phase [18] . The exsolution of a volatile phase from the magma and the partitioning of metals and chlorine between it and the melt have been modelled by [18] [19] [20] [21] [22] . This sub-stage commenced with the onset of consolidation and crystallization of the granodioritic magma. During this process, the aqueous and volatile components in the magma gradually became saturated and exsolved as separate phases. As crystallization progressed, the volume of hydrothermal fluid increased. Bimetasomatic alteration was accompanied by decarbonation reactions that normally cause slight volume decrease and lead to the formation of fractures [4, 5] . This type of fracturing, along with that resulting from upward pressure exerted by the ascending magma and the exsolved phase (hydro-fracturing), developed pathways for the fluids into the carbonate rocks. Metasomatic alteration which occurred during this sub-stage gave place to the crystallization of a series of medium to coarse-grained Fe-rich anhydrous calc-silicate minerals (grandite series and diopside) (Fig. 6) . The replacement of voluminous amounts marbles (up to 95% vol) by grandite garnet and diopside suggests that dissolved components such as Fe, SiO 2 , and Mg was transferred into the skarn system by hydrothermal fluids.
As discussed previously, garnets have high modal abundances against pyroxenes. Although compositional variations of the batholith and protolith exert a strong control on the mineralogy of the skarns [23, 24] , the high garnet to pyroxene ratios may be related to the high oxidation state of the pluton and hydrothermal fluids [25] . In the study area, high oxidation state of the Qolan batholith was discussed by [8] .
Retrograde stage
Petrographic studies suggest that the retrograde stage of mineralization in the study area is in turn divided into two distinct but continuous sub-stages: 1) Ore-forming sub-stage, and 2) Lower-temperature sub-stage.
Ore-forming sub-stage
During this sub-stage, relatively low temperature hydrothermal fluids and processes such as hydrolysis, carbonation and sulfidation [4, 5, 23] , caused anhydrous calc-silicate minerals to form during the prograde stage. These were replaced by an assemblage of hydrous calcsilicate minerals (epidote and tremolite-actinolite), sulfides (pyrite, chalcopyrite, sphalerite and galena), oxides (magnetite and hematite) and carbonates (calcite), mainly along micro-fractures. During this sub-stage, garnet was replaced by an assemblage of epidote, magnetite, hematite, calcite and quartz, while clinopyroxene was replaced by tremolite-actinolite, calcite and quartz. Epidote is the most common retrograde calc-silicate, with a local increase in O 2 possibly triggering the formation of epidote [26, 27] . Alternatively, within the fractures where hydrothermal fluids were rich in H 2 O and CO 2 , epidote replaced garnet. [4] proposed that garnet replaced by quartz + calcite + magnetite occurred during the early retrograde sub-stage. Tremolite-actinolite in this sub-stage was probably formed by retrograde alteration of clinopyroxene.
Lower-temperature sub-stage
In this sub-stage, due to the influx of low temperature hydrothermal fluids, both anhydrous and hydrous calcsilicates which had developed during earlier stages were altered to fine-grained aggregates of illite, kaolinite, chlorite, calcite, quartz and hematite. Chlorite, calcite and quartz may have formed by carbonation processes from epidote and tremolite-actinolite.
Mineralization
There is a strong correlation between the pluton composition and the type of skarn formed [28] . Fe skarns are usually associated with low silica, iron-rich and relatively primitive plutons. At the other end of spectrum, Sn and Mo skarns are typically associated with high silica, and strongly differentiated plutons [28] . The composition of Qolan batholith in the studied area has good correlation with the occurrence of Fe skarns [8] .
Garnet and pyroxene compositions are indicators for the classification of skarn deposits [12, 28] . The composition of garnets and pyroxenes of the Pahnavar skarn (Fig. 9) is consistent with those of Fe, Cu, Pb-Zn and Au skarns.
Textural evidence, such as lack of intergrowth and nonreplacive crystal boundaries between opaques and anhydrous calc-silicates, indicates that opaques formed after the prograde metasomatism stage. The existence of replacement textures between opaques, anhydrous calcsilicates and open-space filling textures in fractures within anhydrous calc-silicates (veinlets of oxides and sulfides within garnets), provide compelling evidence that opaque minerals were developed during early retrograde alteration sub-stage, together with hydrous calc-silicates (epidote and tremolite-actinolite). The textures indicate the following order of deposition: pyrite-magnetite-hematitechalcopyrite-galena-sphalerite. Locally, these minerals are cut by later veinlets of pyrite. The crystallization of opaque minerals appears to be controlled chiefly by fractures and open spaces.
Magnetite and hematite are the most abundant ore minerals in the Pahnavar skarn and are present as lenses, veins and veinlets. The abundance of magnetite reaches 90% in the ore bodies. The largest magnetite ore lens is approximately 1500 m 2 . Sulfide minerals occur in low concentration in the skarn ore body. Pyrite is the most abundant sulfide mineral (up to 5%) and chalcopyrite contents are under 1%. Sphalerite and galena are restricted to the margins of the garnet zone, near marbles. The latest two sulfide minerals altogether have less than 5% abundance.
Ore formation in the Pahnavar skarn may have taken place during the intermediate stages of skarn development, and simultaneously with the retrogradation of anhydrous calcsilicate minerals. Garnet and calcite had most important role in the ore deposition by neutralizing the ore bearing acidic fluids.
Physico-Chemical Conditions of Mineralization Processes
The prograde metasomatic processes probably began after metamorphic and bimetasomatic processes occurred by infiltration of hot hydrothermal fluids from the intrusion, trough fractures and micro-fractures, to the marble and skarnoid zones. The fluids contained Fe, Si, and Mg and were under oxidizing conditions, causing decarbonation reactions and the development of Fe-rich, anhydrous calcsilicates such as garnet.
Various data indicate that the XCO 2 in hydrothermal fluids involved in some calcic skarns related to porphyry copper stocks (as an open system) is generally quite low Andradite was stable with the fluid in equilibrium with the intrusion (Fig. 12) , deduced from intersection of two curves including: 1) the stability field of andradite and pyrite in the skarn, and 2) the stability field of K-silicate alteration in the pluton. The absence of wollastonite may suggest that the prograde skarn event took place at temperatures <550
• C, at 500 bar fluid pressure and XCO 2 =0.1 (Fig. 13) . Replacement of andradite by a magnetite + calcite + quartz assemblage occurred at temperatures of approximately 430
• C (Fig. 13) . The presence of intergrowth textures and non-replacive crystal boundaries between garnets and pyroxenes suggest that they formed contemporaneously, in 430-550
• C and low O 2 between 10 −26 −10 −23 . Fluids that equilibrated with intrusion may have been in equilibrium with anhydrous calc-silicate assemblages up to temperatures around 460
• C (Fig. 12) . At temperatures <460
• C, the fluids equilibrated with intrusion were no longer in equilibrium with anhydrous calcsilicate assemblages (Fig. 12) , and probably retrograde alteration started at temperatures <430
• C (Fig. 13) . With decreasing temperatures and increasing O 2 , garnet altered to epidote, quartz, pyrite, and carbonate assem- Figure 13 . A bivariate diagram of log O 2 versus temperature at 500 bar fluid pressure and XCO 2 =0.1 for the system Ca-FeSi-C-O-H [4] . Solid line calcsilicates equilibria are based on experimental data from [34] [35] [36] [37] ; dashed lines are approximate locations of equilibria lacking experimental control. Oxide buffers hematite-magnetite, quartzmagnetite-fayalite, and graphite are based on data from [38] and [39] . The siderite field is schematic, based on the lack of siderite-hedenbergite and siderite-andradite assemblages in skarns [40] . Biotite compositions in mole fraction annite for assemblage biotite-K-feldsparmagnetite (hematite) from [41] .
blages, and clinopyroxene to tremolite-actinolite, quartz, pyrite and calcite. At this stage, fluids equilibrated with the newly formed assemblages, with XCO 2 = 0 1 [31, 32] . During the early retrograde stage, Ca 2+ was gradually leached out of anhydrous calc-silicates with a proportion fixed as carbonate minerals. At temperatures >430
• C, even at a high sulfidation state, andradite was stable ( Fig. 14a and b) . However, at temperatures <430
• C, the fluids equilibrated with intrusion and with a relatively high sulfur fugacity ( S 2 ¿10 −6 ) and was not in equilibrium with andradite. This gave place to alteration assemblages with quartz, calcite and pyrite (Fig. 14c) . With decreasing S 2 (¡10 −6 ), such fluids could form assemblages with magnetite (Fig. 14d) . Therefore, it can be deduced that the retrograde metasomatizing fluids had S 2 ≈ 10 −6 5 and temperatures <430
• C (Fig. 10c and Fig. 10d ). The development of low-temperature hydrothermal assemblages of chlorite, illite, kaolinite, subordinate hematite and calcite after the early formed assemblages, may suggest that the late metasomatizing fluids (late retrograde sub-stage) were probably under higher oxidizing conditions. In fact, at relatively low temperatures (<300
• C), waters of meteoric origin were probably introduced into the skarn system causing a decrease in pH and an increase of the activity of sulfate [12] . • C at XCO 2 = 0.1. Calc-silicate and biotite equilibria are based on [35] [36] [37] 41] . Cu-Fe-S-O-C-H equilibria are based on [38, [42] [43] [44] . Anhydrite equilibria are based on data from [45] .
Summary and Conclusions
Skarn and marbles were developed along the contact of the Qolan granodioritic batholith (Oligocene age) with Upper Cretaceous impure carbonate rocks (biomicrite, argillaceous carbonates and marl) in the Pahnavar area, east of Hajilar-Chay River. Skarnification processes and their evolutionary trend can be categorized into two discrete stages: (1) prograde, and (2) retrograde.
The prograde stage commenced shortly after the intrusion of the granodioritic magmas into impure carbonates. The alteration progressed isochemically by the effects of heat flow from the pluton into the surrounding carbonate rocks. The pure carbonate rocks recrystallized forming calcic marble (marmorized), and the impure carbonate layers were bimetasomatized giving place to skarnoid. Some anhydrous and hydrous calcsilicates were developed by bimetasomatic processes from clay-rich carbonate interlayers during this stage. The development of these calc-silicates was accompanied by decarbonation reactions which caused a volume decrease and the subsequent formation of fractures and micro-fractures in the rocks. Since the protolith was deficient in Fe, the calcsilicates formed during this stage were Fe-poor (garnets and pyroxenes). The consolidation and crystallization of the granodioritic magma caused a high temperature aqueous phase to be exsolved. The infiltration of such fluids through fractures resulted in Fe, Si and Mg to be supplied to the marmorized and skarnoid zones. The introduction of these elements caused the formation of coarse-grained, anhydrous Fe-rich calc-silicates within a fine-grained matrix. Due to mineral replacement, the skarnoid banded texture was masked or obliterated in the proximal zone. Garnets formed during this stage were mainly andraditic in composition and opaque minerals were not formed. The lack of wollastonite and the lack of replacement textures be-tween pyroxene and garnet suggest temperature and O 2 conditions ranged between 430-550
• C and 10 −26 − 10 −23 .
During the ore forming stage (early retrograde), the prograde metasomatic alteration zones were affected by multiple episodes of hydro-fracturing, resulting in numerous channels for the infiltrating hydrothermal fluids. While the temperature remained above 460
• C, the calc-silicates were stable. However, at temperatures <460
• C, fluids were not in equilibrium with anhydrous calc-silicates and retrograde alteration took place. During this stage, Cu, Zn and Pb, along with H 2 S and CO 2 were also added to the skarn system, triggering hydrolysis, sulfidation and carbonation reactions within the anhydrous calc-silicates. As a result, hydrous calc-silicates (epidote, tremolite-actinolite), sulfides (pyrite, galena, sphalerite and chalcopyrite), oxides (magnetite, hematite), and carbonates (calcite) replaced the early-formed anhydrous calc-silicates. Magnetite and hematite are the most abundant ore minerals that formed during this stage, with magnetite abundances reaching 90% in the ore body. Some magnetite lenses have sufficient dimensions and ore grades, and have good potential for running exploration programs. The early-formed mineral assemblages were altered to a series of fine-grained aggregates of chlorite, hematite, calcite, illite and kaolinite chiefly along fractures and microfractures by relatively low temperature (<300
• C) and low pH oxidizing fluids during the later retrograde alteration sub-stage.
